■ INTRODUCTION
Atmospheric aerosols contribute significantly to decreased visibility, 1 increased morbidity and premature mortality, 2 and uncertainty in climate predictions of atmospheric models. 3 In particular, organic aerosols (OA), which contain thousands of organic compounds, 4 are often the major component of aerosol particles, providing up to 90% of the submicrometer particle mass. 5 Primary organic aerosols (POA) are directly emitted into the atmosphere from sources such as vehicles, industrial processing, biomass burning, and sea spray. Oxidation of volatile organic compounds (VOCs) in the atmosphere form low vapor pressure oxidized organics that condense into secondary organic aerosols (SOA) which can amount to 50− 85% of the overall contribution to OA. 6 Urban atmospheric environments contain a highly complex mixture of both natural and anthropogenic primary and secondary air pollutants, including VOCs, POA, SOA, SO 2 , NO x , NH 3 , etc. Traffic is the most important emission source of PM 2.5 (primary particulate matter with diameters ≤2.5 μm), accounting for up to one-third of PM 2.5 mass. 7 Diesel vehicle exhaust can contain a large contribution from unburned fuel, which releases reactive gas-phase hydrocarbons that act as a source of newly formed SOA. 8 Similarly, biodiesel fuel exhaust can also contain unburned fuel, such as fatty acid methyl esters (FAMEs). 9 Such products of incomplete combustion and incomplete catalyst oxidation may be efficient SOA precursors. 10 Other sources of fugitive oil and natural gas emissions of nonmethane hydrocarbons include oil spills, refinery processing, and hydraulic fracturing. 11−13 The mechanisms of photooxidation of VOCs can be affected by the presence of inorganic copollutants, with the effect of NO x known to be the largest. The effect of SO 2 and NH 3 on the VOC photooxidation is less explored. Several studies have investigated the photooxidation of abundant atmospheric VOCs including isoprene, α-pinene, toluene, 1,3,5-trimethylbenzene, xylene, octane, and gasoline exhaust in the presence of SO 2 , and found that it results in the formation of organosulfates (R−OS(O) 2 
OH).
14−20 During photooxidation, SO 2 can be converted to sulfuric acid by hydroxyl radicals (OH), 21 and by reactive uptake onto particles involving heterogeneous oxidation of SO 2 by ozone or hydrogen peroxide (H 2 O 2 ). 22 Sulfate seed particles with varying acidity have also been used to generate organosulfates in SOA, where their formation is most prominent under higher acidity.
23−27
The possible formation routes of organosulfates via reactions of organics with sulfur-containing oxides, acids, and radicals "sulfate nucleophiles" hereafterinclude: (1) epoxide ring opening, (2) addition to protonated carbonyls, (3) substitution of organonitrates, (4) esterification of alcohols, enols, or hydrated hydroperoxides, and (5) radical initiated reactions. 23,28−30 Epoxides can be protonated under acidic conditions making them more susceptible to attack from sulfate nucleophiles, forming β-hydroxysulfates. Similarly, protonated carbonyls can react with sulfate nucleophiles, 29 forming α-hydroxysulfates. Substitution of tertiary organonitrates with sulfate can rapidly occur, even over a full pH range. 31 Minerath et al. 32 suggested that esterification of alcohols is kinetically hindered at low temperatures of the upper tropospheric aerosols, using methanol as the model alcohol and conducting aqueous experiments. Minerath et al. 32 calculated a rate constant using Kane et al. 33 data and applying similar experimental conditions to be 10 orders of magnitude larger than the self-reported experimental value of Minerath et al. 32 However, this rate constant discrepancy may be due to a difference in experimental design: heterogeneous surface 33 versus homogeneous bulk 32 exposure of methanol to sulfuric acid. Furthermore, it was more recently observed that esterification of alcohols is more efficient in sulfuric acid aerosol than in bulk aqueous solution. 34 In addition to alcohols, carbonyls can be reactive to form organosulfur species. For example, ketones may tautomerize to their enol form and then undergo esterification. 35 Sulfate radicals were proposed by Noziere et al. 36 to form in atmospheric aerosols from the reaction of OH with bisulfate anions. The organosulfate species found in that study were explained by the addition of sulfate radicals to double bonds and further aging by OH.
Although many studies have examined organosulfur formation in the presence of seed aerosols (or bulk solutions) containing sulfuric acid or sulfates, little is known about organosulfur formation pathways through direct reaction of SO 2 with organic species. It has been demonstrated that uptake of SO 2 by oleic acid in the absence of ozone, in the dark, results in direct addition of SO 2 to double bonds. 37 In addition, if ozone is present or formed during photooxidation it can react with alkenes to produce Criegee intermediates which can oxidize SO 2 to SO 3 and indirectly produce organosulfates. 17, 38 Under humidified conditions, H 2 O 2 could potentially contribute to SO 2 oxidation and SOA formation by heterogeneous chemistry. In summary, although multiple pathways for incorporation of sulfur into SOA organic compounds have been proposed, the relative role of these processes is yet unknown.
In this study, SOA is generated through photooxidation of diesel and biodiesel fuels in chamber experiments to represent photooxidative aging of mixtures similar to liquid diesel composition, such as unburned or evaporated fuel. The effects of relative humidity (RH) and anthropogenic pollutants, NO x , SO 2 , and NH 3 , on composition of fuel SOA are investigated. High-resolution nanospray desorption electrospray ionization mass spectrometry (nano-DESI/HRMS) and ultrahigh resolution and mass accuracy capability 21T Fourier transform ion cyclotron resonance mass spectrometry (21T FT-ICR MS), indicate that organosulfur compounds are efficiently produced in the presence of SO 2 , without pre-existing sulfate seed aerosols. Unique organosulfur species are categorized into four subsets: compounds with an aliphatic side chain, compounds with formula C c H h SO 3 , compounds with formula C c H h SO 4 , and aromatic compounds. The assigned species are compared to previous field and laboratory studies. Based on our data, some of the organosulfates previously designated as biogenic or of unknown origin in field studies may originate from anthropogenic sources, such as photooxidation of fuel hydrocarbons.
■ MATERIALS AND METHODS
Fuel Analysis. The composition of diesel fuel (Fluka. No. 2 UST148) and biodiesel fuel (VHG Laboratories, BDBLEND-100P) were analyzed using 2D gas chromatography interfaced with electron impact (EI) and vacuum ultraviolet highresolution time-of-flight MS (GC-VUV-MS).
39−41 Details of quantification and calibration are given in the Supporting Information (SI), and Figure S1 .
Chamber Generation of SOA. Photooxidation of diesel fuel and biodiesel fuel was performed in a 5 m 3 Teflon chamber Figure S2 ). Experimental conditions are summarized in Table 1 . Photooxidation was driven by radiation from UV−B lamps (FS40T12/UVB, Solarc Systems, Inc.) with an emission centered at 310 nm. A scanning mobility particle sizer (SMPS; TSI 3080 Electrostatic Classifier and TSI 3775 Condensation Particle Counter) and a time-offlight aerosol mass spectrometer (AMS; Aerodyne) monitored SOA particles formed in the chamber. This study assumed a density of 1.2 g cm −3 , which is the median value for densities of SOA reported from anthropogenic precursors. 42 Ozone and NO/NO y mixing ratios were recorded by a Thermo Scientific model 49i ozone analyzer and Thermo Scientific model 42i-Y NO y analyzer, respectively. Further details are provided in the SI.
Filter Collection and Analysis of SOA Samples. The composition of SOA particles was tracked in real time with AMS during most chamber runs. The AMS instrument uses hard EI ionization and causes fragmentation of species, especially organosulfates of interest. 43 Therefore, softer ionization offline techniques with higher mass resolution were also used in this work to unambiguously assign chemical formulas of SOA compounds.
SOA were sent through either a long (3 m) or short (1 m) denuder and collected on poly(tetrafluoroethylene) (PTFE) filters (Millipore, 0.2 μm pore size) via impaction. Filter samples were then sealed and frozen for offline analysis using nano-DESI/HRMS 44 operated in negative mode with a massresolving power of m/Δm ≈ 1.0 × 10 5 at m/z 400. Prior to analysis, frozen filter samples were allowed to equilibrate to room temperature and then unsealed. Acetonitrile (ACN; Fisher, HPLC grade) was used as the working nano-DESI solvent bridge for samples 1−9 and 13 while samples 10−12 were analyzed using a 7:10 (v:v) ACN:H 2 O solvent mixture. Several recent field studies of organosulfates used similar solvents for MS analysis. 37,45−47 An additional advantage of nano-DESI compared to the traditional ESI is that it minimizes the solvent/analyte interaction time and therefore minimizes the effect of hydrolysis and other analyte-solvent reactions on the measured SOA composition. 48, 49 The spray voltage and heated capillary temperature were 3.5−4 kV and 250−270°C, respectively. Mass spectra of samples 2, 7, 9, and 10−13 were also recorded using a direct infusion ESI source interfaced with a 21T FT-ICR MS (magnet from Agilent Technologies, Oxford, England; spectrometer built at PNNL) operated in negative mode with a resolving power, sample flow rate, spray voltage, and capillary temperature of m/Δm ≈ 1.2 × 10 6 at m/z 400, 0.5 μL min −1 , 2.4 kV, and 300°C, respectively. A detailed description of data analysis and processing is reported in the SI.
Several complementary mass spectrometry methods were used in this work. AMS offered real-time mass spectra, making it possible to quantify the overall amount of sulfates in SOA, but not observe individual organosulfate molecules. Nano-DESI/HRMS and 21T FT-ICR MS offered soft ionization, offline filter MS analysis, and provided chemical formulas of individual SOA compounds. The 21T FT-ICR MS had much higher resolving power, mass accuracy, and used longer averaging times compared to the nano-DESI/HRMS instrument, making it possible to detect additional organosulfur species and unambiguously assign higher m/z peaks.
■ RESULTS AND DISCUSSION Average Molecular Composition. SI Table S1 summarizes average molecular formulas for the SOA samples based on high-resolution MS analysis. Mass spectral peaks were assigned with C c H h O o N n S s elemental formulas with the limits of c = 1− 40, h = 2−80, o = 0−35, n = 0−1, and s = 0−1. (Analysis with up to two nitrogen and two sulfur atoms was also performed, but there were very few peaks assigned to n = 2 or s = 2 compounds and the corresponding intensities were <5% the max intensity of the largest peak.) We will refer to families of compounds as CHO, CHON, CHOS, and CHONS depending on the occurrence of the specified atoms in the molecular formula.
The carbon number distribution of aromatics and PAHs in the diesel fuel defined by DBE = 4 and DBE > 4, respectively, from GC analysis is shown in the SI, Figure S3 . The distribution is centered around C12, which is larger than the most common size of aromatic compounds observed in SOA (defined in detail in the "Subsets of Organosulfur Species" section below), centered around C8 (SI Figure S3) . The higher signal for C8 and C7 aromatic compounds observed in the SOA likely resulted from oxidation pathways for the larger aromatic compounds that led to a loss of aromaticity by ringopening reactions.
Aside from this specific trend in aromatics, the overall average carbon numbers (SI Table S1 ) in the DSL SOA were smaller than the average carbon number in the diesel fuel. BDSL SOA also had a smaller average carbon number than the biodiesel fuel, dominated by C 17 and C 19 compounds. This observation was consistent with degradation during photooxidation of biodiesel fuel.
The high-resolution mass spectra from the DSL/BDSL mixture could be reasonably represented as a linear combination of the individual DSL and BDSL mass spectra (SI Figures S4−S6 ). However, there was evidence for interference between the DSL and BDSL chemistry from the appearance of new peaks, as well as the distribution of CHOS species (see below).
In general, average O/C and H/C ratios for fuel samples photooxidized in the presence of NO x did not show any significant difference between DSL, BDSL, and MIX SOA samples (SI Table S2 ; samples containing SO 2 will be discussed later). The O/C and H/C values from AMS were smaller and larger, respectively, compared to the corresponding nano-DESI/HRMS and 21T FT-ICR MS results. One explanation for this observation is the type of ionization; AMS uses EI whereas nano-DESI/HRMS and 21T FT-ICR MS use soft ionization. Oxygenated species in the AMS can be highly fragmented with ionization and appear to be less oxidized in analysis. 43 Conversely, nano-DESI/HRMS and 21T FT-ICR MS are more selective to oxidized species, making SOA compounds appear to be more oxidized on average. Actual atomic ratios likely fall in between the AMS and HRMS values.
Formation of Organosulfur Species with the Addition of SO 2 . There is a clear trend of increasing organosulfur species, CHOS and CHONS, in nano-DESI/HRMS mass spectra with the addition of SO 2 ( Figure 1 ). The intensity weighted percent CHO, CHON, CHOS, and CHONS are presented as pie charts in Figure 1 ; corresponding values for all SOA samples are listed in SI from DSL/NO x /SO 2 a to DSL/NO x /SO 2 -high a the fraction of CHOS also tripled from 17% to 51%, while the fraction of CHONS increased from 1% to 6%. A similar trend with increased amounts of SO 2 was observed for other dry samples (SI Figures S7−S10) .
AMS data also supported formation of organosulfur species with addition of SO 2 . Experiments in this study were conducted without the presence of sulfate seed to minimize interference between inorganic sulfate and organosulfur species in AMS data. Bar plots of sulfate/organics ratios are reported in Figure  2 (the plot of the nitrates/organics ratios is shown in SI Figure  S11 ). The sulfates/organics ratio increased from samples 2 to 3 and from samples 11 to 13, wherein NH 3 was added to the DSL SOA that already contained SO 2 . Although NH 3 could neutralize some of the SOA acidity, it could simultaneously increase the amount of seed aerosol for vapors to condense on. The DSL SOA sample with the largest amount of SO 2 added, sample 12, increased in sulfate/organics ratio relative to sample 11 (as well as sample 2), where less SO 2 was added. The BDSL/NO x /SO 2 sample (sample 7) had the largest sulfates/ organics ratio of all samples; the low BDSL SOA mass concentration (Table 1) was the most likely reason for this effect. The real-time AMS signals for organic and inorganic mass concentrations for the BDSL/NO x /SO 2 , MIX/NO x /SO 2 , and DSL/NO x /SO 2 samples are shown in SI Figure S12 . The major difference between samples is the small organic mass from the BDSL/NO x /SO 2 sample. As the amount of BDSL/ NO x SOA was smaller than the other samples, any additional SOA formed from the presence of SO 2 would have had a larger effect on the sulfates/organics ratio. Although the MIX/NO x / SO 2 sample only contained 20% biodiesel, it was enough to increase the sulfates/organics ratio from the DSL/NO x /SO 2 sample. SO 2 addition made compounds with lower double bond equivalent (DBE, the combined number of double bonds and rings in the molecule; eq 1) appear more prominently in the ESI mass spectra. SI Figure S13 , which plots DBE as a function of carbon number, along with trends of common species (described in SI Table S4) shows that with the increase in SO 2 the relative contribution of low DBE values clearly increases. In fact, DBE = 0 compounds, with no CC and CO double bonds or rings, become visible in samples containing SO 2 (note that sulfate−OS(O) 2 OH and sulfonate−S(O) 2 OH groups do not contribute to DBE calculated with eq 1 (because the calculation assumes valence of 2 for sulfur). Average DBE values listed in SI Table S1 also decrease with the SO 2 addition. Most likely, this is the effect of converting poorly ionizable molecules with low oxidation states into organosulfur compounds that ionize more readily.
Formation of organosulfates by sulfuric acid mediated mechanisms requires water. Although most SOA samples were prepared under dry conditions (RH < 2%), residual water from the chamber and also that from addition of the aqueous H 2 O 2 solution may have been sufficient to form sulfuric acid and sulfate nucleophiles. There is also a possibility that organic particles dissolved some of the SO 2 and SO 3 formed in the chamber to further promote heterogeneous sulfuric acid and organosulfur species formation. As previously mentioned, SO 2 can react directly with organics by addition to double bonds.
17,37,38 SO 2 may also be oxidized to SO 3 by Criegee intermediates which may be present in the chamber once ozone is produced. Addition of SO 2 promotes formation of organo- sulfates by increasing the acidity of the particles, but also, in turn, by increasing the amount of available nucleophiles.
Comparison of the dry DSL/NO x and DSL/NO x /SO 2 samples indicates that addition of SO 2 resulted in an increase in C, H, O/C, and H/C and a decrease in DBE (SI Tables S1  and S2 ). Increase in the degree of oxidation is most likely attributed to addition of either a sulfate or sulfonate group, which carry several oxygen atoms. The dry BDSL/NO x and BDSL/NO x /SO 2 samples show a similar trend. In contrast, average oxidation level for the DSL/NO x /SO 2 /RH sample (prepared under humid conditions) decreased. Furthermore, the amount of sulfur observed in this sample was lower than in other samples with added SO 2 . Notably, the DSL/NO x /SO 2 / RH sample did not contain abundant CHOS or CHONS species, unlike the other samples. There are two possible explanations for this interesting effect of high humidity in SOA composition. One likely explanation is that high humidity, while promoting the conversion of SO 2 into sulfuric acid in the chamber, actually reduced the effective acidity in the particles by diluting them with water. The decrease in acidity must be sufficient to prevent acid-catalyzed reactions that occurred in the drier samples. For example, the presence of water in high humidity experiments may suppress sulfate esterification reactions of hydroxyl groups. The partial wall loss of SO 2 and H 2 SO 4 is another possible reason for this observation in high humidity experiments. The wall loss of highly water-soluble compounds increases at high RH because they can partition into the water film on the chamber walls. 50 The reduction in the concentration of sulfuric acid could then reduce the yield of organosulfates. This effect did not seem to affect the overall amount of organic compounds as the observed SOA mass concentrations under the dry and humid conditions were comparable (Table 1) . Clearly, the effect of humidity on DSL and BDSL oxidation is complicated and deserves further study.
Subsets of Organosulfur Species. A list of all CHOS mass spectral peaks observed in the samples is provided in the Supporting Information. The CHOS species were separated into four subsets. "Subset A" includes aliphatic species based on the definition of "aliphatic" introduced in the recent study by Tao et al. 51 Specifically, CHOS species with C > 8, DBE < 3, and 3 < O < 7 belong to this class. "Subset B" includes species with the formula C c H h SO 3 , which do not contain enough oxygen atoms to be organosulfates. "Subset C" has the formula C c H h SO 4 , which could be interpreted as one sulfate group attached to an oxygen-free substituent or a sulfonate group attached to a substituent containing a single oxygen atom. "Subset D" includes aromatic species identified by a high aromaticity index (AI). 52, 53 The concept of AI was developed for a broad range of organic molecules, and showed that compounds with AI ≥ 0.5 are likely to be aromatic. As pointed out in the original paper, it does not work well for molecules containing a large number of oxygen atoms. 51 Organosulfates, which can be viewed as a result of a replacement of (C)OH with (C)OSO 3 H, and sulfonates, resulting from a replacement of (C)H by (C)SO 3 H, contain a sulfur atom and three O atoms that do not affect the aromaticity of the rest of the molecule. Counting these atoms in the originally proposed AI formula would result in incorrect conclusions about the aromaticity of the molecule, for example, the calculated value for benzenesulfonic acid, C 6 H 6 SO 3 , would be AI = 0 instead of the AI* = 0.67 expected for a substituted benzene ring. To account for this effect in CHOS species, we redefined AI in this paper by excluding the SO 3 set of atoms from the AI calculations. The modified equation is (where O* = O 3):
The distribution of subsets A, B, C,, and D between samples is listed in SI Table S5 . Note that some molecules fit the description of more than one subset, so percentages in SI Table  S4 do not add up to 100%. For example, an aromatic organosulfate would be described as fitting both subset B and D. DSL SOA samples DSL/NO x /SO 2 , DSL/NO x /SO 2 /NH 3 , DSL/NO x /SO 2 a , DSL/NO x /SO 2 -high a , and DSL/NO x /SO 2 / NH 3 a contained a large number of aliphatic CHOS species (subset A). Van Krevelen plots of DSL/NO x /SO 2 a and DSL/ NO x /SO 2 -high a for CHOS species are shown in SI Figure S14 ; subset A compounds are highlighted in red. These compounds were also observed in the CH 2 −Kendrick diagram shown in Figure 3 , which features prominent families of compounds with low DBE. These compounds had high mass spectral overlap with the compounds found in Shanghai particulate matter by Tao et al., 51 who proposed an esterification mechanism for their formation as well as possible contribution from primary sources. Dry DSL SOA samples produced in the presence of NH 3 contained the largest percentage of aliphatic CHOS species (about 60% of detected CHOS were in subset A), whereas the fraction of these species in humid DSL SOA and dry BDSL SOA samples was the lowest (<2%). The effect of humidity can be attributed to the suppression of esterification by particle water, as discussed above. The effect of NH 3 is counterintuitive as it is expected to reduce the particle acidity by neutralizing sulfuric acid and suppress the esterification processes. On the other hand, presence of NH 3 increases the overall amount of sulfate nucleophiles in the particles by forming ammonium sulfate. It seems that the second effect is more important because average sulfur content increases with Table S1 ). The reason for low abundance of subset A compounds in the BDSL sample is unclear.
Subset B compounds, which contain one sulfur atom and three oxygen atoms, most likely correspond to organosulfonates (R−SO 3 H) which were recently observed in chamber experiments. 24 The MIX/NO x /SO 2 and DSL/NO x /SO 2 /RH had the largest fraction of CHOS subset B compounds, whereas the other samples had less than 2%. The high humidity DSL/NO x / SO 2 /RH sample had a large peak (35% RI) corresponding to benzenesulfonic acid. The most abundant sulfonates in MIX/ NO x /SO 2 sample were C 21 H 14 SO 3 (18% RI), C 23 H 18 SO 3 (90% RI), C 24 H 20 SO 3 (100% RI, i.e., the largest peak in the spectrum), C 25 H 22 SO 3 (71% RI), and C 26 H 14 SO 3 (38% RI). All of these species have the same general formula C n H 2n−28 SO 3 , with DBE values of 15. These compounds likely correspond to sulfonates of substituted benzopyrene (C 20 H 12 , DBE = 15).
The C c H h SO 4 species in subset C, which may be either hydroxy or keto-sulfonates or organosulfates, were most abundant in the DSL/NO x /SO 2 /RH sample. Considering that the same sample also contained a high fraction of subset B compounds, assigned to sulfonates, it is reasonable to assume that keto-and hydroxyl-sulfonates contribute to subset C. The DSL SOA sample with the largest amount of added SO 2 , sample 12, had the largest intensity peaks for subset C and showed a clear pattern of the molecular formulas of C n H 2n SO 4 for 2 < n < 15, which could be keto-sulfonates of saturated compounds or sulfates of unsaturated ones. Less intense mass spectral peaks of these molecular formulas were also seen in sample 11, DSL/NO x /SO 2 a , (Figure 3 ) as well as other DSL SOA samples, except for the high humidity DSL/NO x /SO 2 / RH sample.
The sample with the highest fraction of aromatic CHOS (subset D) was MIX/NO x /SO 2 ; all other samples had fewer than 5% of CHOS species from this group. We mentioned above that aromatics in diesel fuel appeared to undergo ringopening reactions that shifted the average carbon number to lower values and reduced the degree of aromaticity. The addition of biodiesel fuel to diesel fuel had an inhibitory effect on these reactions, resulting in a larger fraction of aromatic products. Interestingly, the largest aromatic species of MIX/ NO x /SO 2 were also organosulfonates, the same peaks previously emphasized for subset C. It is likely that aromatic sulfonates undergo ring-opening reactions after being further oxidized and that the presence of reactive biodiesel components competes with this secondary oxidation of aromatic CHOS. Reaction rates and product stability may also favor smaller aromatic CHOS. It should be pointed out that subset B and D in MIX/NO x /SO 2 appeared to be much less abundant in 21T FT-ICR MS data for reasons that are presently unclear.
Comparison of CHOS Species with Previous Literature. There is a substantial overlap of organosulfur mass spectral peaks observed in this fuel photooxidation study with previous reports from both field and chamber measurements. 23,24,46,51,54−58 Figure 4 shows a DBE versus carbon number plot comparing the CHOS species observed in a few selected studies with the same species in DSL/NO x /SO 2 (sample 2). Most of the aliphatic CHOS species detected in the urban environment of Shanghai and Los Angeles by Tao et al. 51 were also observed in the DSL SOA samples in this study. For example, we observed the C n H 2n+2 SO 4 family of compounds ( Figure 3 , light blue solid circles) that represented a dominant family of organosulfur species in Tao et al. 51 Note that we are not suggesting that only DSL SOA is responsible for mass spectra in Tao et al., 51 but that data in this study have high overlap, especially with aliphatic organosulfur species. There was also overlap of organosulfur species between this study and the field study by Peng et al. 54 for chemical formulas C n H 2n SO 5 and C n H 2n-2 SO 5 ( Figure 3 , light blue solid triangles and dark blue solid triangles, respectively), especially in the Guongzhou urban Pearl River Delta samples. Previous data on laboratorygenerated SOA of long alkanes, 23 and SOA of naphthalene (NAP) and 2-methyl-naphthalene (2 mNAP) 24 by Riva and coauthors are also included in this comparison. The largest overlap of DSL/NO x /SO 2 with aromatic compounds reported by Riva et al. 24 was observed for organosulfate peaks of the type C n H 2n−10 SO 6−7 with DBE values of 6 from both NAP (C 10 H 10 SO 7 and C 10 H 10 SO 6 ) and 2 mNAP (C 11 H 12 SO 7 ) SOA.
As mentioned earlier, fewer organosulfur species are observed in mass spectra for high humidity samples. This may be due to a dilution of sulfate nucleophiles by aerosol liquid water, as well as a decrease in the acidity. 57 Interestingly, C 7 H 6 SO 5 and C 8 H 8 SO 5 are the most abundant peaks in the high humidity sample, DSL/NO x /SO 2 /RH, that overlapped with species reported by both Tao et al. 51 data and Riva et al. 24 These peaks had DBE values of 5 and were of the general chemical formula C n H 2n−8 SO 5 , which Riva et al. 24 attributed to organosulfonates in the 2 mNAP SOA. Riva et al. 24 reported that, in general, RH appeared to have little effect on the formation of sulfonates and organosulfates for 2 mNAP SOA. However, in the specific case of C 7 H 6 SO 5 and C 8 H 8 SO 5 found in our high humidity samples, their concentrations increased with increasing the RH for each specific acidity (Riva et al. 24 samples from 10/20/2014 and 10/25/2014). The aromatic peak observed in the high humidity sample that was also reported by Riva et al., 24 C 6 H 6 SO 4 , most likely corresponds to hydroxybenzene sulfonic acid. The largest overlap of the BDSL SOA sample was with Tao et al. 51 data for peaks of C 6 H 10 SO 6 (also the most intense CHOS peak in general), C 6 H 12 SO 6 , and C 8 H 16 SO 6 .
Atmospheric Implications. This is the first study of organosulfates in SOA formed in the photooxidation of diesel and biodiesel fuels. We observed that the presence of SO 2 increased the size of SOA particles and formed numerous organosulfur species, even under dry conditions. Suppression of organosulfur compounds under humidified conditions was not expected because most previous studies have observed higher yields of organosulfur species at elevated RH. However, a majority of these studies employed sulfate-containing seed particles that may obscure several important organosulfur formation pathways that are unique to SO 2 chemistry, such as direct addition of SO 2 to unsaturated species. 37 It is possible that this result may be influenced by the increased wall loss of sulfuric acid at elevated RH; ideally these experiments should be repeated with instruments capable of explicit sulfuric acid concentration measurements. The substantial overlap of organosulfur species observed in this study with previous field studies suggests that these alternative mechanisms of organosulfur formation could be important in the atmosphere, and they require additional scrutiny. We should point out that ionization of organosulfates is especially favorable in the negative-ion mode ESI and DESI, and this may make the fraction of organosulfates appear larger than it actually is in the particles. The observed fraction of organosulfates is further amplified by the high SO 2 concentrations used in this study. The organosulfates formed in ambient particles by the same VOC + SO 2 + NO x photooxidation mechanisms may therefore be minority species. Future photooxidation experiments with single components of fuel precursors combined with tandem MS analysis are necessary to determine the actual yields of these organosulfur species.
Many organosulfur species in field data previously classified as biogenic or species of unknown origin were also found among the products of photooxidation of diesel and biodiesel fuel in this study. For example, the organosulfur peak C 5 H 10 SO 5 was previously assigned to either unknown 55 or isoprene 51 origin and another peak, C 9 H 16 SO 7 , was assigned as a product of limonene 55, 56 or other monoterpene precursors. 51 Both of these formulas were prominently present in the DSL SOA mass spectra suggesting that they could also be of anthropogenic origin. The SI Excel file provides a number of other examples of the overlap of CHOS species with those observed in previous measurements. These results show that the origin of organosulfur species cannot be based only on their formula.
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